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We report the formation of a macroscopic coherent state emerging from colliding polariton flu-
ids. Four lasers with random relative phases, arranged in a square, pump resonantly a planar
microcavity, creating four coherent polariton fluids propagating toward each other. When the den-
sity (interactions) increases, the four fluids synchronise and the topological excitations (vortex or
soliton) disappear to form a single quantum superfluid.
Can several quantum fluids of light interact so strongly
as to merge and behave as one? Phase synchronization
across coupled oscillators is a behavior observed in var-
ious systems, both classical [1] and quantum [2–4]. In
the latter case, a rich situation arises when several con-
densates, possessing independent initial phases, are cou-
pled together. Their complete synchronization into a
well-defined and continuous phase signifies their merg-
ing, an effect recently observed in ultracold atoms exper-
iments [5, 6]. However this remains an open question for
strongly dissipative photonic systems, especially in the
limiting case of two dimensions. The hallmark of this
phenomenon is the vanishing of the phase singularities
that are present for weak interactions. Here we report
the observation of such a synchronization in a strongly
dissipative light-based system: exciton-polaritons.
Exciton-polaritons, or simply polaritons, are quasipar-
ticles born from the strong coupling between light (cav-
ity photons) and matter (excitons) in a semiconductor
microcavity [7]. Polaritons are characterized by a low ef-
fective mass, inherited from their photonic component,
and strong nonlinear interactions due to their excitonic
part. They offer a great opportunity to revisit in solid-
state materials fundamental concepts first explored in the
context of atomic physics. Moreover, polaritonic systems
are easily controllable by optical techniques and, due to
their finite lifetimes, are ideal systems for studying out-
of-equilibrium phenomena [8, 9]. In analogy with the
atomic case [10, 11], condensation [12] and the superfluid
behavior of polaritonic quantum fluids [13] have been of
great theoretical interest [14–16] and have been experi-
mentally confirmed [17–19].
Recently, multi-pumps settings were explored to form
polariton condensates by off-resonant excitation of spa-
tially distinct areas [20, 21], and to study the collision
of strongly interacting fluids in a resonant excitation
regime [22–24]. This allows for example the condensa-
tion of polaritons in a pump-free zone surrounded by
the excitation spots [20] or the formation of nonlinear
collective excitations (dark solitons and vortices) with
resonant driving [22–24]. Interestingly, it is found that
the density of such excitations diminishes as the inter-
actions increase [24] and that the strong interactions
regime can lead to the merging of vortex-antivortex (V-
AV) pairs [25], paving the way to a perfect merging of
distinct Bose gases, as reported here.
In the present work, we focus on achieving the com-
plete vanishing of all interference and the annihilation of
all phase singularities inside a two-dimensional, square
geometry four-pumps system. We observe the merging
of four polaritons populations, each initially defined by
its distinct group velocity and phase, into a single co-
herent population possessing a smoothly varying velocity
field. We study the conjugate momentum space through
far-field imaging, which shows an unexpected pattern in
the superfluid regime. Strikingly, the phase of each fluid,
initially imposed by the driving lasers, is modified as a
consequence of the interactions. This is opposite to the
resonant pumping paradigm used in experiments such as
Ref. [24], by which the pump fixes the boundary con-
dition for the wavefunction. To model our results, we
develop two distinct theoretical approaches, one numer-
ical and the other analytical. Both are in good agree-
ment with the observations and show a genuine out-of-
equilibrium phase synchronization between four colliding
Bose gases.
Experimental setup – The sample is a planar micro-
cavity formed by three GaAs/InGaAs quantum wells
sandwiched between two Bragg mirrors. A more de-
tailed description of the sample and the experimental
setup are available in Ref. [26]. Polaritons are reso-
nantly pumped with a continuous wave laser, frequency-
locked to an optical cavity at 837 nm. We can choose the
photon-exciton energy detuning at normal incidence δ =
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FIG. 1. Pumping configuration. Four coherent beams from the same laser are focalized on the sample to form a square
geometry. The relative phases of the pumps are fixed to random values. One pump is reflected on a piezoelectric-actuated
mirror, which allows to vary its phase. The incident angle θ controls the fluid planar momentum ~k. Here the four fluids
propagate towards the center of the square geometry with the same momentum. The pumps are separated by R = 20 µm.
Eph (0) − Eexc (0) (where k is the in-plane polariton
wavevector, Eph(k) and Eexc(k) are respectively the pho-
ton and exciton energies) thanks to a wedge in the optical
cavity. All the measurements presented here were taken
at δ = +0.5 meV.
The laser beam is separated into four arms of equal
intensity, focalized on the sample with a condenser lens
to form a square geometry (see Fig. 1). Their position in
k-space is chosen so that polaritons propagate precisely
towards the square center, such that they have exact op-
posite direction (unlike in [23]). To avoid overlaps be-
tween different pumps [27], the laser beam is spatially
filtered with a pinhole prior to division into the pump
beams, such that the Gaussian tail is blocked. We use
circularly polarized light to pump a single pseudo-spin
state in all fluids. Here the resonant pumping config-
uration allows the fine-tuning of the polariton density,
and therefore interactions, but does not generate an ex-
citonic reservoir. This is in contrast with the observa-
tions performed with an out-of-resonance setup [20, 21].
The four in-plane wavevectors are chosen with the same
norm kp =
2pi
λ sin θ, by choosing the same angle of inci-
dence θ for all pumps.
The cavity photoluminescence is collected in transmis-
sion geometry with a microscope objective to be analyzed
both in real and momentum space. It is then imaged
onto a CCD camera to record the intensity distribution.
The polariton phase is measured with a modified Mach–
Zehnder interferometric setup: a beam splitter divides
the real space image into two parts, one of which is widely
expanded to generate a flat phase reference beam, which
is used to make an off-axis interference pattern. The ac-
tual phase map is then numerically retrieved by Fourier
analysis. All experiments are performed at a tempera-
ture of 10 K, with liquid helium cryogenics.
Model – To better understand this experiment, we
use a mean-field model of the polariton field. Only
considering the lower polariton branch, we numerically
solve the 2D driven-dissipative Gross–Pitaevskii equa-
tion to access the time evolution of the system. Tak-
ing ψ ≡ ψ(r) = 〈ψˆ(r)〉, the complex mean value of the
polariton field operator ψˆ(r), we solve
i~
∂ψ
∂t
=
(
−~
2∇2
2m∗
− i~γ
2
+ g|ψ|2
)
ψ + F (r)ei
∆t
~ , (1)
where m∗ is the polariton effective mass (typically 10−4
electron mass), γ is the decay rate deduced from the po-
lariton lifetime (12 ps for our sample), and g = 5 µeVµm2
is the polariton-polariton interaction strength. ∆ is the
energy detuning between the pump laser and the po-
lariton resonance. In this experiment, ∆ is fixed to
0.3 meV. Here, F (r) =
∑4
i=1
√
I(r− ri)eir.ki+φi , where
I(r) is a pump intensity profile after the pinhole, φi
and ri are respectively a random phase and the po-
sition on the sample associated to the pumping spot
i and ki ∈ {
(
kp
0
)
,
(−kp
0
)
,
(
0
kp
)
,
(
0
−kp
)} corresponding in-
plane wavevector. Each pumping spot has a diameter of
12 µm. Direct comparison with the experiment is then
performed by extracting the density n = |ψ|2 and phase
arg(ψ) after steady-state is numerically reached.
Here we present our results in two extreme regimes,
at low density (negligible interactions, gn  ~γ) and at
high density (strong repulsive interactions, gn ~γ):
Low density regime – When the density is low enough,
the interaction energy is negligible. The polaritons coher-
ence, inherited from the pumps, simply leads to interfer-
ence between the four non-interacting fluids (see Fig. 2).
This regime is analogous to the purely photonic, linear
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FIG. 2. Linear regime at low polariton density -
a) Experimental (up) and numerical (down) results of real
space density and phase distribution at low excitation power
(10 mW for each pump). An interference pattern visible be-
tween the contra-propagating pumps contains vortices (green
and red circles depending on their circulations). The yellow
circles delimit the pumps while the yellow arrows show the
polariton flow. - b) k-space emission in the low interactions
regime. Only the four pumped momenta are visible (the spot
near the center of the experimental maps is a parasite re-
flection from the experimental setup). The intensity scale is
linear and normalized to the peak intensity.
optics case. The square cells of this interference pattern
is typical of a four-beam interference pattern [22]. Note
that the experiment pattern in Fig. 2 is not a perfect
square pattern, due to the sample inhomogeneity and
the pumps imperfect geometry. We also see that the in-
terference nodes often contain phase singularities. The
pumps relative phases φi are set randomly, which gives
rise to phase dislocations between pumps visible in the
interferogram of Fig. 2a.
Fig. 2b shows the momentum space, i.e. the distribu-
tion of polaritons wavevectors, in the low density regime.
Only the pumps wavevectors are present in this non-
interacting regime. This is expected as each population
propagates without significant scattering event, except
on the cavity natural disorder [28, 29]. The clear separa-
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FIG. 3. Nonlinear regime at high polariton density - a)
Experimental (up) and numerical (down) real space density
(left) and phase (right) in the high density regime. Here no
interference pattern is visible as the four superfluids merge
coherently into one. The red arrows show the velocity field. -
b) k-space emission in the high density regime. The intensity
scale is linear and normalized to the peak intensity. Here
the interactions trigger the emergence of a population for low
wavevectors.
tion of each wavevector population justifies considering
the system as the sum of four distinct polariton fluids.
High density regime – Previous works showed the tran-
sition from a linear interference pattern to hydrodynamic
soliton physics [22, 24]. Here we focus on high interac-
tions (a pump power of about 100 mW for each pump).
We consistently observe that the phase is modified so as
to form a single coherent superfluid, with no phase jump
nor singularity, as visible on Fig. 3a. The interaction en-
ergy is always locally much larger than the kinetic energy
in this regime, and is responsible for this macroscopic
phase synchronization. The numerical simulations, pre-
sented next to the experimental data in Fig. 3, confirm
this smooth, coherent phase of the resulting fluid.
Note that since the resonant pumping does not pop-
ulate exciton reservoir unlike non-resonant driving, no
confining potential is present. This can be seen in Fig. 4
(orange curve), where the local energy shift due to polari-
4ton interaction present a local maximum in the central
region. Therefore one can rule out confinement effects to
explain the merging of the four superfluids, as opposed
to recent experiments with polariton condensates [20].
This is all the more striking as it is independent from
the pumps relative phases. A mirror used to reflect one
of the pumps was mounted on a piezoelectric transducer,
so that one of the pump can have its phase varied be-
tween 0 and 2pi relative to the others. The resulting
superfluid remains unchanged when the relative phase of
a single pump spot is modified. Likewise, the emission
systematically showed a smooth phase across the pumps
for any relative pump phase. Therefore no phase domain
nor density defect can be detected: the system remains
as a single superfluid, unlike in the linear case. Through
high interactions, polaritons gain a well-defined collec-
tive phase similarly to results obtained with cold atom
quantum fluids [5, 6].
In k-space, the signal shows a more complex pattern
than in the linear regime (see Fig. 3b). In accordance
with the observed velocity field, a signal is now present
for wavevectors lower than that of the pumps. This situa-
tion is unlike the weakly interacting regime: the presence
of a wavevectors continuum does not permits the clear-
cut identification of four polariton populations, which
confirms the need to consider the system as single fluid.
As an additional check, the real-space position of a
specific wavevector was studied using a mobile pinhole in
the detection system. A single wavevector component is
selected and the corresponding signal is observed on the
density picture. We found that the k = 0 µm−1 emission
at the center of Fig. 3b corresponds to the center of the
system. This is in good agreement with the velocity ex-
tracted from the phase profile and shown as a red vector
field in Fig. 3a: Polaritons from each pump lose velocity
as they approach the center. This behavior, only visible
at high densities, is consistent with the merging of the
four fluids. For two contra-propagating fluids a smooth
phase implies the continuous transition from −kp to kp
(since the direction changes), which in turns implies a
zero-velocity population at the center, as is also visible
in the velocity cut in Fig. 4 (blue curves).
We also experimentally checked the total energy (ki-
netic plus interaction) of the superfluid remains constant
during propagation. The loss of kinetic energy near the
center is compensated by a larger interaction energy due
to the higher density. This observation is not trivial for
a highly dissipative quantum fluid.
Conclusion We designed a scheme that allows the
study of two-dimensional collisions of several polariton
Bose gases, in the regime of high interactions. We
demonstrate the formation of macroscopic, coherent,
non-homogeneous superfluid flow of polaritons, free from
topological excitations. While in the linear regime inter-
ferences appear and phase singularities are clearly visible,
the vanishing of all singularities happens at sufficiently
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FIG. 4. Spatial cut of polariton fluid properties Velocity
(in units of cs, blue line) derived from the phase gradient along
the x-axis, and interaction energy shift (orange line) derived
from the density. Inset: full 2D map of the Mach number
M = |v/cs|. Within both pump areas, indicated by the light
red regions, no significant energy shift is observed whereas
in-between them the velocity varies linearly.
high polariton density, as expected from previous stud-
ies [22, 24, 25]. This enables the disappearance of all
defects (phase and density) in real-space, and the the ap-
pearance of a quasi-continuum of low wavevector states
in the reciprocal space.
This result shows the complexity of quantum fluids of
light, and offers a new insight on the collective behav-
ior of interacting polariton superfluids. Our results are
expected to stimulate more studies of multi-pump sys-
tems, where exotic dispersion curves are predicted. It
also opens the door to new, complex multi-pump experi-
ments with which one could precisely manipulate the su-
perfluid shape and supercurrents. Such a scheme could,
for example, allow the study of fundamental problems
such as the Kibble-Zurek mechanism, in a similar fash-
ion to current cold atoms BEC experiments [5].
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